ABSTRACT It is shown that a very simple semiempirical equation represents quite accurately the thermodynamic properties of aqueous sodium chloride from 373 to 823 K. The equation comprises one Margules term and a Debye-Huckel term. Just the one Margules parameter is freely adjustable because the Debye-Hfickel parameter is determined by the properties of water. The equation is valid from the saturation composition down to infinite dilution for solvent density above. 0.75 gcm-3 but at lower density only above a solute mole.fraction of about 0.1 on an ionized basis. Both solute and solvent activity coefficients are fitted from the lowest pressure of solution existence up to 1 kilobar (1 bar = 100 kPA). Derivation of enthalpy and other related functions is discussed.
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The thermodynamic properties at high temperature for aqueous NaCl are important for many industrial and geological systems and have theoretical interest. These properties are now quite well known to 573 K, and a comprehensive equation of state is now available to that temperature (1, 2) . In extending the treatment of the thermodynamic properties of aqueous NaCl above 573 K, it is apparent that most of the experimental data are both less complete and less accurate. Thus, the vapor pressures and density measurements above 573 K have a precision on the order of 1% or a few percent, whereas the lower temperature data are more precise and are supplemented by heats of dilution and heat capacities. The most extensive and selfconsistent array of measurements are those of Urusova (3) (4) (5) , and our treatment is based primarily on her data but with use of other measurements (6) (7) (8) (9) (10) (11) (12) (13) where available and accurate. Urusova (14) made some calculations of the activity coefficients of water on the basis of her measurements, but these are given only for a single pressure at a given temperature. We consider the activity coefficient of NaCl as well as that for H20 and consider each as a function of pressure P and of temperature T.
This effort toward an equation for the thermodynamic properties of NaCl/H20 at temperatures above 573 K was initiated by a study of dilute NaCl in steam (15) that used mass spectrometric data to calculate properties of individual ion hydrates. Next an equation for the dielectric constant of water (16) was developed that should yield valid predictions when extrapolated to high temperature.
In this paper we show that the composition dependence of the properties of aqueous NaCl over the full range of solubility and from about 373 to 573 K conforms to a simple equation developed previously (17, 18) for systems continuously miscible to the fused salt. This form of equation should remain valid for NaCl/H20 to higher.temperatures, at least at liquid-like densities. Because the equation has only one empirical parameter, one can hope to complete its evaluation, as a function of T and P, from the sparse experimental data available. The resulting equation will then predict various properties over a wide range of conditions.
It has been established (17, 18) that systems in which the pure solute is ionic and the solvent has a high dielectric constant behave like completely ionized systems at all concentrations. For a somewhat smaller dielectric constant, there is an ion association phenomenon, which begins as the concentration rises above a very small value and typically reaches a maximum at x2 near 0.01. At higher concentrations there is an apparent redissociation, which is essentially complete by mole fraction 0.1 or less. Above that concentration the system behaves as a fused salt, with solvation of the ions. Aqueous NaCl may be regarded as fully ionized at all concentrations up to 573 K at saturation pressure and at higher temperature if the pressure is great enough. The dielectric constant decreases rapidly with increase in temperature, however, and NaCl/H20 is known (19) to show association into ion pairs at low concentration in the range 700-1,000 K and density below 0.75 gcm-3. The redissociation at higher concentration has been observed for several alkali halides by Hwang et al. (20) , who have concluded that "at concentrations 2 7 M the solutions seem to be completely dissociated over the entire investigated pressure and temperature range." Their measurements extend to 873 K; then 7 M corresponds to x2-0.13. This redissociation phenomenon, noted by Davies (21) and others (22) will be discussed in structural terms elsewhere.
Our equations, based on complete dissociation, are not expected to be valid for the range where ion association is significant. Thus, the immediate objective is a treatment for NaCl/ H20 at liquid-like densities and at a mole fraction of NaCl above about 0.1 or above that of the critical point, whichever is higher. At sufficiently high density, the equations should be valid over the entire composition range at higher temperature just as they are below 573 K.
EQUATIONS AND DEFINITIONS
For dilute ionic solutions, it is customary to express the composition in molality, but that quantity becomes infinite for the fused salt. Thus, for concentrated ionic solutions, mole fraction is the preferable expression. Because it is assumed that the salt is ionized, the mole fraction should be on an ionized basis (in contrast to much of the present literature). Thus, we define Xi = ni/(n, + vn2)
where nj is the number of moles of water, n2 is the number of moles of salt, and v is the number of ions into which the salt dissociates (two for NaCl).
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. of composition, analogous to that of van Laar, with z1 =n/ + 2n2b2/b1). The ratio b2/b, can be regarded as a volume n or just an empirical parameter. The full set of equations on van Laar basis is given elsewhere (17) . We explored the use these more flexible equations for NaCI/H20 but found the b value of b2/b1 to be very close to 1 (24) and above 600 K from the new equation (16) . The "interionic diameter" parameter p has a magnitude in the range 12-25 on a mole fraction basis, and the particular form of the DebyeHuckel term in Eq. 2 is one that has been proven to be satisfactory in other aqueous ionic systems at high temperature (1, 17 [6]
[7] [8] Here y, has been defined to become unity for the pure fused salt.
Eqs. 2 [9] with d1 in gcmC-3 and T in K.
For the saturated solution at any temperature, the activity of the solute equals that of the solid. If ASG0/RT is the Gibbs energy of fusion or solution to the pure, supercooled liquid that is the standard state for NaCl, ASG0/RT = -2 ln(x2,satY±,sat). [10] Solubility values were given by Liu and Lindsay (26) temperature to allow integration of Eq. 11. Fig. 2 shows the JANAF curve (25) for ASG0/RT at low pressure and the calculated values below 573 K. The solid curve gives our adopted interpolation between the JANAF curve at high T, where it is unambiguous, and our calculated values. At the lower temperatures, this curve has no absolute meaning for supercooled liquid NaCl; rather it is to be used for aqueous NaCl in connection with the present equations. But it is a smooth and reasonable curve, and its use avoids the extreme behavior, approaching infinity for some properties, of the infinitely dilute standard state near the critical point of the solvent.
Calculations were also made for 373-573 K at higher pressures by using the volumetric data of Hilbert (11) to convert the activity of water and NaCl from saturation pressure to the pressure of interest. The values of w are given in Table 1 and shown on Fig. 3 .
CALCULATIONS FOR TEMPERATURES
ABOVE 573K Although the data are of somewhat lower accuracy than data below 573 K, the two-phase, steam-liquid equilibrium is well established through 823 K (3-10). Although the steam gradually dissolves more NaCl with increased temperature and pressure, the activity of H20 is still very close to unity throughout this range. One can make a small correction by assuming Raoult's law for the vapor phase. We take pure steam at P as the ref- [12] For pure steam, we use the equation of state of Haar et al. (23) . When V°becomes very large, it is more convenient to obtain the integral of that term from the difference in Gibbs energy with pressure,
PP2
Gl°(P2) -Gl°(Pi) = JVoldP, P1 [13] which is also given from the equation of state. For the solution, V1 and V2 were obtained from the volumetric data of Urusova (3) by finite difference between values for adjacent mole fractions. The results were smoothed and interpolated graphically and inserted in Eq. 12, which was integrated graphically.
The available experimental information concerning the solute is the pressure and composition of the liquid at the triple point where steam, liquid solution, and solid NaCl are in equilibrium. Thus, Eq. 10 can be applied under these conditions with ASG' taken from Table 1 or Fig. 2 . Then the resulting y+ can be converted to higher pressure by integration of the equation alny±/aP = (V2-Vo)/2RT, [14] where V2 is the molar volume of the supercooled liquid NaCl. Although the accuracy of these V1 and V2 values is not high, it is sufficient to maintain reasonable accuracy in the values of vyj and y± up to 1,000 bar (1 bar = 100 kPa) at 723, 773, and 823 K. At 623 K and 673 K, the data of Urusova extend only to 225 bar and 600 bar, respectively.
We expect Eqs. 2-9 to apply at pressures high enough that pure water has a liquid-like density. Thus, we first tested Eqs. 5 and 6 on values of Yi and y, converted to the highest pressure of the volumetric data of Urusova (1,000 bar at 723,773, and 823 K; 600 bar at 673 K; and 225 bar at 623 K). A good fit was obtained in all cases. Reasonably good fits were obtained at somewhat lower pressures varying from 215 bar at 623 K to 685 bar at 823 K. The resulting values of w are summarized in Table  1 At 623 and 673 K, values of w were estimated for higher pressures (above 225 and 600 bar, respectively). Some guidance was obtained from the volumetric data of Hilbert (11) and Gehrig (12, 13) , but their measurements do not extend near saturation composition. Thus, the choice of these w values was guided primarily by the well-determined values at lower and higher temperatures. From Fig. 3 it is apparent that the w values follow a reasonable pattern.
In much of the range of high temperature, this representation of the properties of NaCl/H20 is valid only at x2 values somewhat above that of the critical point at a given temperature. Consequently, one may question the appropriateness of the Debye-Hiickel term. It was found that alternate equations without a Debye-Huckel term required additional empirical parameters to provide an equally good representation of the data. Thus, one can justify the retention of the Debye-Huckel term on a purely empirical basis. Also at pressures very substantially above the critical pressure, the ion-pairing effect will become small and the present type of equation then will be valid down to zero x2.
As the pressure is further reduced, however, the DebyeHuckel term based on the real dielectric constant of steam does become unsatisfactory. The concentrated solution is liquid-like even at the lower pressure and a "liquid-like" Debye-Huckel term is needed. While other methods were tested, our choice of procedure is to adopt at each temperature a reference pressure Pr and to use the solvent properties for that Pr for the Debye-Huckel term at all lower pressures. Correspondingly, the activity coefficients of water are modified to refer to a hypothetical "liquid" H20 As an example of calculated enthalpies, Fig. 7 shows the partial molal enthalpy of NaCl referred to the solid for two compositions and two pressures. Consideration of the uncertainties in w and in the dielectric constant indicates that the enthalpies are uncertain by a few tenths of RT at the lower temperatures and as much as RT at the higher temperatures. The curve of x2 = 0.0348 at 400 bar shows a sharply increasing negative slope, which implies an increasingly negative partial molal heat capacity. This is the well-known behavior of dilute electrolytes as the critical point of water is approached. Of interest, however, is the extent to which this effect is reduced by an increase in 
